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Abstra
t.




s of water at low
temperatures in the normal and super-
ooled states using neutron dira
-
tion. Similar studies are presented for D
2
O water in mesoporous sol-gel
sili
as showing the depression of the nu
leation temperature, the ee
ts of
fra






in the pores. Prelimi-
nary data is also presented for both neutron and x-ray dira
tion studies
of water in the ordered MCM41 sili
a, showing the deep super-
ooling and





e of hydrogen-bonded networks and the development of long-range

orrelations are used to provide an explanation of the observations. Further
work is in progress.
1. Introdu
tion
The phase diagram for i
e 
onsists of a large number of 
rystalline phases
dependent on various geometries of hydrogen-bonded networks. The im-
portan
e of the hydrogen-bond remains in the disordered phases of liquid
water and amorphous i
es. The ee
ts are 
learly displayed in the super-

ooled regime where there are signi
ant stru
tural 
hanges as a fun
tion
of temperature. The liquid density is redu
ed towards that of i
e I and








ture of low-density amorphous i
e.
2If the water is 
onned within the geometry of a mesoporous solid (usu-
ally sili
a), the nu
leation temperature is depressed by an amount that is
inversely proportional to the pore size. Furthermore, the i
e formed under
these 




ed from the bulk
phase. The phase relationships for i
e in 
onned geometry are therefore
of interest and have been investigated by neutron and x-ray dira
tion
studies. The following se
tions des
ribe some of the re
ent results.
The phase diagram for i
e 
onsists of a large number of 
rystalline phases
dependent on various geometries of hydrogen-bonded networks. The impor-
tan




learly displayed in the super-
ooled
regime where there are signi
ant stru
tural 
hanges as a fun
tion of tem-
perature. The liquid density is redu
ed towards that of i
e I and there is a
steady evolution of the hydrogen-bonded 
onne
tivity towards the 
ontin-




of low-density amorphous i
e.
If the water is 
onned within the geometry of a mesoporous solid (usu-
ally sili
a), the nu
leation temperature is depressed by an amount that is
inversely proportional to the pore size. Furthermore, the i
e formed under
these 




ed from the bulk
phase. The phase relationships for i
e in 
onned geometry are therefore
of interest and have been investigated by neutron and x-ray dira
tion
studies. The following se
tions des





tion by heavy water, D
2


























g(r), may be evaluated from the Fourier-Bessel transform














ular density. For D
2





g(r) = 0:092 g
OO
(r) + 0:422 g
OD
(r) + 0:486 g
DD
(r):
For temperature variation studies it is 



































). Equivalent expressions may be written for the x-ray

ase where the s
attering is predominantly from the oxygen atoms and the
b-values are repla











tion studies have been made of `bulk' super-
ooled water
down to temperatures 35
o
below the normal nu
leation temperature. The
density de




perature due to the development of long-range 
orrelations [1℄ as shown
in Fig 1. Low-density amorphous i
e is made by vapour-deposition onto
a 
old substrate plate. The neutron dira






and the d(r) fun
tion has well-developed features extending
to 20

A and beyond. The stru
ture 
orresponds to that of a fourfold 
o-
ordinated random network based on approximately linear hydrogen-bonds.
All of the spe
i
 features in the d(r) 
urve (Fig.1) 
an be explained by

orrelations within the network. In this 
ontext it 





an be viewed as an in
reasing
build-up of hydrogen-bond 
onne




ture of the deeply-super
ooled liquid is evolving towards that
of amorphous i




rystallite growth. It is also 
lear that the amorphous i
e
phase undergoes a phase transition to 
ubi
 i






losely related there is a temperature regime
where neither phase 
an exist on an experimental times
ale.
4. Experimental results for water/i




tion results for D
2
O in sol-gel sili
as have been presented
previously [2℄ and also 
overed in a re
ent review [3℄. The main ee
t is
a shift in the position of the main dira
tion peak Q
0
(T )as a fun
tion





ompared with that of the bulk liquid and 
orresponds
4Figure 1. Spatial 
orrelations in deeply-super
ooled water and low-density amorphous
i
e from neutron dira
tion measurements[1℄.




A pores, as shown in Fig 2. The
nu
leation temperature is also depressed and depends on the pore size.
4.2. PARTIALLY-FILLED PORES
It has been suggested that water in the interfa
ial region 
lose to the hy-
drophili
 interfa
e has dierent properties due to the bonding to surfa
e
siloxyl groups. The ee
tive range of this in
uen
e has remained a 
on-
troversial topi
 for many years but the 
urrent 
onsensus is that it is re-
stri
ted to a few mole




tional llings of 0.4, 0.6 and 1.0 were
unable to dete
t any signi















to the lling fa
tor. This surprising result suggests that there is minimal
perturbation to the water stru
ture in the interfa
e region. The signi
an
e
of this observation will be dis
ussed in Se
 5.
5Figure 2. Variation in the position of the main dira
tion peak Q
0
(T) as a fun
tion of
temperature for bulk and 
onned water.
4.3. ICE NUCLEATION IN SOL-GEL SILICAS
Neutron dira
tion results [4, 5℄ have shown that the super-
ooled water
nu






rather than hexagonal i
e I
h
formed from the bulk state. This unexpe
ted behaviour appears to be re-
lated to the nu
leation and growth me




formed in large pores. The ee
t 
an be most 
onveniently demonstrated for
the partial lling of dierently-sized pores and the use of a high-resolution
dira
tometer. Fig.3 shows the dira




from several samples where the ee
tive thi










onsists of a triplet





omprises a single 
entral peak. The results show
that a thin water layer in a large pore nu
leates to form pure hexagonal i
e
but in a more restri
ted volume there is an asymmetri
 peak prole sug-
gesting a defe
tive form of 
ubi
 i
e. There is a possibility that this prole

an be explained on the basis of sta
king faults in the `ab
ab
' layers but
6the situation is 
ompli
ated and there is no 
onvin
ing explanation of the
observed results. Further dis
ussion is deferred to Se
 5.
Figure 3. The main dira
tion peak after nu
leation of i
e in dierent pore-size sili
as.
4.4. WATER/ICE IN MESOPOROUS SILICAS; NEUTRON DIFFRACTION
The MCM-type sili
as [6℄ provide an important 
lass of ordered mesoporous
solids where the geometry is well dened. They are produ
ed via the sol-gel
pro
ess using a liquid 
rystal template and are 
al
ined to give an ordered
array of 
hannels with diameters in the 25-35

A range. There are two forms
shown in Fig.4 based on the hexagonal array of parallel pores (MCM41) or
an inter-twined array of bran




tion data [3, 6℄ have been taken for both systems and re-
sults are shown in Fig.5a for D
2
O in MCM41at several temperatures after
subtra
tion of the substrate s
attering 






e at approximately 45
o
C below
the normal freezing point of the bulk sample. Furthermore, the transforma-
tion between the liquid and 
rystal phases is 
ompletely reversible without
any hysteresis. Consequently, there appears to be a rst-order phase tran-
sition between two states that would both be in a metastable 
ondition for









tion shown in Fig.5b, where the build-up
of long-range spatial 
orrelations 
an be seen to be similar to the features
7of Fig 2. It is 
lear that there is a 
ontinual enhan
ement of the hydrogen-
bonding network as the temperature is redu
ed.
Figure 4. The mesoporous stru
ture of MCM41 and MCM48 sili
as.
4.5. WATER/ICE IN MESOPOROUS SILICAS; X-RAY DIFFRACTION
In order to study other aspe
ts of the deeply-super





s, an x-ray dira
tion study [7℄ using syn
hrotron
radiation was undertaken .A sample of the preliminary results is given in
Fig.6 based on a dieren
e fun





urred at a higher temperature than expe





e is due to the perturbation of the sample by the
x-ray beam or due to ex
ess water on the outside of the pores. The gure
shows that hexagonal i











Figure 5. Neutron dira
tion data for super
ooled water in MCM41 sili
a.
9of the triplet in
reases in intensity at the lower temperatures 
orresponding
to the formation of 
ubi
 i
e. A puzzling feature of the measurements was
an apparent 
hange in the relative intensities of the triplet peak even when
the temperature was stable. This behaviour suggests that there are dynami


hanges in the i
e stru
ture on a times
ale of minutes. The beam-size was
2 x 3 mm so many 
rystallites 
ontribute to the dira
tion pattern and
it seems unlikely that this observation 
an be the result of any preferred
orientation in the sample. The natural 
on




hanging and that the average over the 
u
tuating Bragg intensity
is being observed in the datasets. Clearly, a more detailed investigation will




lusion is that the nu
leating i
e is not in a stable equilibrium
state.
MCM41–C16 0.9{ml/g} H2O  Vs Run 14@286.2K
            100             50
          50000
          40000
          30000
          20000
          10000
      1 : 264.7K
      2 : 240.1K
      3 : 215.2K
      4 : 190.4K
      8 : 182.3K
      9 : 198.6K
     10 : 215.1K
     11 : 231.6K
     12 : 248.1K
     13 : 264.6K
Figure 6. Temperature dieren
e fun
tions for x-ray s




hanges with temperature 
an also be seen in the small-angle s
at-
tering region. At low Q-values, the SAXS intensity prole results from the
ordered array of the 
ylindri
al pores and has a similar shape to that for
the liquid 
rystal used as the template. The intensity for this region shows
a systemati
 variation with temperature and is highest below 200K, the
lowest temperatures of measurement. Furthermore the intensity falls as the
sample is warmed to its original temperature.
The origin of the SAXS signal is from the 








24 for the sili
a substrate. The large 
hange in intensity is therefore diÆ
ult
10




perature. The only other possibility is that there are inhomogeneities within
the i
e itself leading to a variation in density a
ross the pore volume that is
then 
onvoluted with the liquid 
rystal form-fa
tor. If so, this phenomenon
would imply a partial fragmentation of the i
e at low temperatures and a
healing or annealing ee
t on warming. It is, of 
ourse, possible that the i
e
is under pressure from the 
hanges in density within the restri
ted volume
but it is still diÆ
ult to provide a self-
onsistent pi
ture that fully explains







ibility will be required to understand these

omplex new results. It is hoped to make these measurements in the near
future [8℄
Con
lusions and Future Work
The pi
ture that emerges from these investigations is that the deeply-
super
ooled liquid state depends on the systemati
 evolution of the hydrogen-
bonded network with redu
ing temperature. The properties vary in a pre-
di
table manner despite the density maximum and the unusual behaviour
of the super-
ooled state. In a similar manner, the properties of low-density
amorphous i
e 
an be understood in terms of a 
ontinuos random network
of hydrogen-bonds. Although quantitative agreement with the experimen-
tal results has not been obtained from simulation studies, it is well re
og-




s of the tetrahedral bonding play
a 
entral role in the behaviour. What remains as a 
hallenge to present
understanding 
entres on the phase relations between the ordered and dis-
ordered states, whether in the 
rystalline solid, amorphous solid or liquid.




e I, using 
onned geometry to provide deep super-






forms naturally as water is

ooled. However, it appears that the initial phases of nu
leation and growth







for this behaviour are un
lear and are probably linked to the stability of
small H-bonded 
lusters in the liquid. As the temperature is further re-
du
ed, the network 
onne
tivity is in
reased and the longer-range 
orrela-
tions be
ome more important. The ee
ts of the 
onned geometry give an
ee
tive temperature shift so that the network be
omes more developed,
mole
ular motion is more restri




t of pressure within the 
apillaries 
annot be ignored but it 
annot
be simply evaluated. The most important parameter is the density of the

onned water in the pores and its variation with temperature but experi-
mental methods to determine this value are problemati
; one possibility is

urrently under investigation [9℄.
11
The ee





rystalline phase for large extensions of 
onne
ted water, whether as a vol-
ume (3D) or a thin layer (2D). It seems likely that this prin
iple will re-
main for hydrophobi
 as well as hydrophili
 interfa
es but there is, as yet,
no experimental veri
ation sin
e most of the studies are naturally based
on the wide range of sili
as that are available. Some additional studies on
partially-hydrophobi
 samples are needed but are diÆ
ult and have not
been attempted in any systemati




e is a natural development and also the asso-







t of the 




ur in the dira
tion [and SAS℄ pattern below the onset of i
e nu-

leation. This phenomenon suggests that there is a mu
h more 
omplex
behaviour of the 
onned i





ontinues to give unexpe
ted results is, itself, possibly
no surprise { it seems that the more we learn about this fas
inating system,
the less we understand about the nature of 
olle
tive hydrogen-bonded sys-
tems. The next de
ade should see further advan
es in the linking together of
experimental, simulation and theoreti
al developments to provide a 
learer
pi
ture but it seems inevitable that water and i
e will 
ontinue to bae




hallenge for the foreseeable future.
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